A fter trauma or years of bone resorption patients can present for implant treatment with variable amounts of bone volume, length and height of ridge, and interocclusal space. Some sites cannot accept the standard sizes of many available implants without site development. Bone augmentation is an option for increasing the available bone volume if a standard diameter implant is required by the clinician. Standard diameter implants are in the range of 3.75 to 4.2 mm. However, in the nonesthetic zone an increase in bone volume by augmentation procedures may not be required. There is some debate as to the true supportive quality of grafted bone. 1 Extra-cortical grafted bone has been known to resorb after placement. 1 Bone formed in grafted areas can become trabecular but there is no evidence that grafted bone progresses to cortical bone. Implant support depends on cortical bone. If grafted bone does not resist occlusal forces then the presenting natural base of bone is the sole means of support for the restoration. 1 Some residual ridges are very thin and will not accept a standard diameter (3.75-4.1 mm) implant within the confines of the available bone with a 1 to 2 mm of bone circumferential thickness. Small coronal dehiscences may be grafted or ignored by placing the implant slightly deeper to account for any anticipated osseous crest resorp-tion. A smaller diameter implant may be considered. There are small diameter implants available in a range from 3.0 to 3.3 mm. Also available are very small or "mini" 1.8 to 2.5 mm diameter implants. These implants have been used primarily in multiples to retain complete removable overdentures in the maxilla and mandible. 2, 3 The term mini has also been used to describe very short length implants with standard or larger diameters. 4 There are case reports that demonstrate where compromised sites are restored with 1.8 to 3.3 mm diameter implants that support fixed partial denture prostheses. [5] [6] [7] These implants have been used primarily as transitional or as temporary implants to support temporary prostheses although larger implants are undergoing osseointegration.
However, these very small diameter implants, when used individually or in multiples or in combination with larger sized implants, may offer adequate sup-port for crowns or fixed partial dentures in selected circumstances.
CASE GP
The patient, a 42-year-old man, presented for restoration of his missing teeth #24 and 25 (Figs. 1-3) ( Table 1) . 5 Retained deciduous central incisors were without succedaneous incisors. Radiographs and study casts were made for analysis. His occlusion was a Class II division 2 with a 100% overbite compromising the interocclusal available space. Occlusal abrasion had occurred, further reducing the available interocclusal space. After the deciduous teeth were removed the ridge contour was mapped using a bone sounding technique. The site had adequate height but the width was too narrow and length of the ridge was 11 mm. Clearly, standard width implants would not fit in the space available without orthodontic treatment but after a consultation the patient declined treatment. The ridge length Very small diameter (1.8 -3.3 mm) dental implants may be successfully used to support fixed partial dentures in edentulous sites of compromised bone width or length. Very small implants can be successfully used in highly selected sites where there is adequate bone density and bone volume for immediate implant stability. Adequate or augmentable attached gingiva may be a requirement. A small diameter implant presents less of an obstacle for angiogenesis and there is less percutaneous exposure and bone displacement as compared with standard sized implants. In posterior sites, rounded and narrow prosthetic teeth present small occlusal tables to minimize axial and off-axial directed forces. Multiple splinted implants may be necessary to minimize metal fatigue from cyclic loading. Anterior restorations supported by mini implants may need occlusal relief to minimize the effects of cyclic loading. (Implant Dent 2008; 17:182-191) 
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would not allow proper placement of small diameter 3.25 mm implants. There ideally needs to be 3 mm between each implant and 1.5 mm between each implant and its adjacent tooth, totaling 12.5 mm including the diameter of the im-plants, exceeding the 11 mm available length. Options for treatment were discussed. The placement of small 1.8 mm implants and subsequent construction of a fixed prosthesis replacing teeth #24 and 25 was then decided upon. The patient accepted the treatment plan and that no provisional restoration would be placed during the healing integration or prosthetic construction phases.
The area was infiltrated in the anterior mandible, facially and lingually, with 1.8 mL of articaine. A vacuformed surgical guide was used. A split thickness apically positioned flap was raised with a #15C scalpel to increase the resulting zone of attached gingiva. Each osteotomy was started with a #4 round burr. Then a 1.2 mm drill was used to complete the osteotomy to a 15 mm depth. Type II bone was encountered. Only external irrigation was used. The implants were placed with a specific technique as described by the manufacturer. The implant was placed and turned with a thumb wrench device. A ratchet device is used to complete the placement. When turning becomes difficult, after one complete turn of the implant, a waiting time of 1 minute is observed to allow the bone to recover from the compression of the advancing implant. The implants were placed without incident ( Fig. 1 ). Inventory forced the use of 2 different coronal designs. The patient was instructed in after-care and prescribed chlorhexidine oral rinse. He returned at 1 week for follow-up and had healed well with no complications. An integration/healing phase of 11 weeks was observed, whereupon he returned for construction of a fixed prosthesis. The anterior mandible was again infiltrated with a small amount of articaine (0.4 mL) (Septocaine) for gingival anesthesia. The coronal portion of each implant was slightly prepared with a fine diamond burr to achieve parallelism and to accept splinted crowns ( Fig. 2 ). Impressions were made with a polyvinyl siloxane material. No provisional prosthesis was made. A 2-unit porcelain fused to noble alloy metal splint was constructed that avoided direct centric and excursive contacts. The dental laboratory technician was instructed to apply an extra layer of die separator to insure a passive fit. Two weeks later the es-thetics and function of the constructed prosthesis were evaluated. The prosthesis was cemented with zinc phosphate cement. The patient has successfully functioned with the prosthesis with no complications for 4 years (Fig. 3 ).
CASE SR
A 61-year-old women had a carious tooth #30 extracted (Figs. 4-6) ( Table 1 ). After 4 months of healing, two 2 ϫ 1.5 mm implants (Intra Lock, Ultimatics, Ardmore, OK) were placed and restored with a 2 unit porcelain fused to metal crown splint.
CASE VM
A 42-year-old women lost #30 due to failed endodontic therapy (Figs. 7-10) ( Table 1 ). The tooth was sectioned and atraumatically extracted and the site allowed to heal for 4 months. Two one-piece 3 mm ϫ 12 mm (BioHorizons) were placed flaplessly by infiltration local anesthesia (articaine). After 4 months waiting for osseointegration, the coronal ends were prepared for splinted crowns. The crowns were cemented with zinc phosphate cement. The patient has been functioning successfully for 2 years.
CASE JC
A 40-year-old man had lost his mandibular right posterior teeth (Figs. 11-13) ( Table 1 ). The site at #28 was adequate but the edentulous site at #29 -32 was very narrow, precluding implant placement without extracortical bone grafting. Four 2 ϫ 1.5 mm (IntraLock) and a 4 ϫ 0 mm (3-I) implants were placed and restored with a splinted fixed partial denture.
DISCUSSION
Small diameter implants have been used for retention of complete removable maxillary and mandibular overdentures but there are also reports for their use in fixed prosthetics ( Fig. 14) . 5 Table 1 lists 25 patients who were treated with very small implants that support fixed partial dentures and have been in service for at least 2 years. The patients received a multiple of very small diameter or combination of small, very small, and standard-sized diameter Fig. 1 . Two mini implants were placed to replace absent succedaneous mandibular incisors. Fig. 2 . The coronal portions of the implants were slightly prepared for parallelism. Fig. 3 . A 2 unit splinted fixed partial denture was constructed and cemented with zinc phosphate cement. There has now been 4 years of uneventful function.
implants. These cases demonstrate that single and multiple very small implants may successfully support crowns or fixed partial dentures where there is appropriate bone and occlusal considerations. These sites are usually found in the posterior mandible and anterior maxilla and mandible.
Because bone volume and quality and ridge length can present the implantologist with a challenge for restorative treatment, creative but effective solutions may need to be considered. An up-to-date knowledge of the array of implant sizes and shapes is an asset for treatment.
There are implant diameters available from 1.8 to 7 mm, intuitively; a smaller diameter implant may present less of an impediment or obstacle for angiogenesis to the peri-implant bone. However, there also should be adequate bone density to resist occlusal forces placed on the implants via fixed prostheses. The smaller surface area and volume of these implants places more force per square millimeter against the encasing bone than larger diameter implants, so there needs to be occlusal force control.
Bone density of type I, II or III, bone site length of at least 4 mm, bone available height of at least 10 mm and at least 1 mm of attached or augmentable gingiva are desirable. Any intraoral location that exhibits these qualities may be appropriate. However, less dense bone may require the use of longer small diameter implants to resist occlusal forces and present less per square millimeter of bone compression during service. That is, during function, lateral occlusal forces will exert a greater per square millimeter force against the supporting bone with smaller diameter implants than larger diameter implants. If the bone cannot resist this lateral compressive force the implant may move in the bone and fibrous replacement may be initiated resulting in implant failure.
Conversely, there may be physiologic advantages to very small diameter implants. An advantage that very small diameter implants have over standard diameter implants is the lesser amount of linear or circumferential percutaneous exposure and bone displacement. The circumference of a 2 mm implant is ( ϫ diameter) 6.28 mm whereas the circumference of a standard 4.0 mm diameter implant is 12.56 mm. The very small implant has half of the linear percutaneous exposure thus exposing less of the implantgingival attachment to bacterial attack.
There is also a smaller silhouette of the very small diameter implant that may present a barrier to angiogenesis and osteogenesis. Because dental implants are cylinders or near-cylinders, a mathematic calculation of the outline form or the silhouette area, of a 2 ϫ 10 mm implant may be compared with a 4 ϫ 10 mm implant. Where the area is diameter (width) ϫ height. So, 2 ϫ 10 mm ϭ 20 mm 2 and 4 ϫ 10 mm ϭ 40 So to compare these volumes: 125.6/31.4 ϭ 4.
The 4 mm diameter implant has 4 times the osseous displacement as compared with the 2 mm diameter implant. This difference may be important. Intuitively, this may be a physiologic advantage for the very small diameter implant in that there may be more of an available osseous blood supply for the implant supporting bone or less of a barrier. In larger diameter implants this larger barrier to blood supply or angiogenesis may contribute to the classic "resorption to the first thread" in the larger implant. The larger barrier may hinder angiogenesis and subsequent osteogenesis around a newly placed implant. Blood supply at the osseous crest may be hindered by the larger implant and produce the characteristic resorption to the first thread. This phenomenon does not seem to be prevalent with the 2 mm diameter implants. Figure 15 shows 3 implants of different diameter that were placed together in a row in varying widths of bone (Fig. 15 ). The widest 4.1 mm diameter implant on the left demonstrates bone loss to the first thread. The implant located in the middle is a 2 mm diameter implant and shows little or no radiographic bone loss. The right implant is a 3 mm diameter implant and shows slight bone loss. The 2 smaller diameter implants are 1 piece, that is, they have no screw retained abutment. There has been some discussion about the gap between the implant fixture and the implant abutment, the so called "microgap" that may be a bacterial reservoir that may cause bone resorption to the first thread. The relative importance of the implant diameter versus abutment microgap has yet to be elucidated.
This crest bone resorption phenomenon does not occur in submerged implants but only after second stage uncovery and placement of an abutment. With the very small 2 mm diameter implants this does not seem to be prevalent. This may be the result of the smaller diameter and/or the lack of an abutment with a microgap.
The available bone for an implant site in many cases can leave much to be desired. In these cases, the occlusion, a reduced vertical dimension and Fig. 4 . Two implants were placed to support 2 unit splinted crowns to replace #30. Fig. 5 . The coronal portions of the implants were slightly prepared for parallelism. Fig. 6 . A 2 unit porcelain fused to noble alloy splint was constructed. The splint was constructed with a flat rounded occlusal table to minimize off-axial forces and cemented with zinc phosphate cement. Fig. 7 . Two 3 mm diameter implants (BioHorizons) were placed to restore #30. Fig. 8 . Radiograph of two 3 mm diameter implants placed to replace #30. Fig. 9 . Coronal portions of the implants were slightly prepared for parallelism. Fig. 10 . A 2 unit porcelain fused to noble alloy splint was constructed. The splint was constructed with a flat rounded occlusal table to minimize off-axial forces and cemented with zinc phosphate cement.
ridge length can present a dimensional problem for space. Very small diameter implants can fit into many of these atrophic sites with adequate interimplant and interocclusal spacing. Esthetics may be a problem in certain sites and caution is advised here.
There needs to be adequate bone density and volume for implant stability and protective attached gingiva to accept an implant supported restoration. These very small diameter implants can fit into sites that cannot accept standard diameter implants without augmentation. The implants in these case series were generally placed flaplessly or with a split thickness apically positioned flaps thus retaining the periosteum and its blood supply and retaining or increasing the attached gingiva. The bone in these atrophic sites is typically type I or II and well suited for initial implant stability.
Very small diameter implants have been used for many years in completely edentulous cases to retain overdentures without bone grafting. Extracortical bone augmentation grafting may delay implant placement and the resulting grafted bone may not be truly supportive for the implant for many months or years or possibly never.
The bone at the crest of a thin atrophic ridge may be dense cortical bone, which can be very supportive for implants. Posterior sites in the mandible, not in the esthetic zone, may be appropriate for very small diameter implants that support a fixed partial denture. The forces in the posterior jaws can be greater than 1000 N of force but this magnitude is in the axial direction of the implant. 8 The off-axial vector directive of these forces is much less.
The cyclic loading that characterizes human occlusion may induce metal fatigue in very small diameter implants. Very small diameter implants may need to be used in multiples to preclude cyclic loading metal fatigue and implant fracture in the posterior mandible 9 (Figs.  7, 11 ). Unpublished proprietary company (Intralock) data and unpublished data from the author suggests that single 2 mm diameter implants can withstand cyclic direct horizontal coronal loads of 200 N of more than a million cycles. This force represents the maximum force in the anterior jaws that may be humanly generated in the vertical or occluso-apical direction but this force was applied directly horizontally or facio-lingually for the test.
In anterior sites that have adequate width but inadequate length, a very small implant may be appropriate for a single implant. 5, 10 The forces in the anterior jaws can be about a third of the posterior forces, 50 to 200 N. These forces in occlusion, however, are delivered not axially but off axially, a vulnerable direction for the implant. This may require more dense bone to resist the higher per square millimeter force placed on the bone by the smaller diameter implant body. Denser bone may preclude micromovement of the implant and failure of the implant by fibrous replacement. The crowns in these cases may be best left slightly or somewhat out of occlusal contact in centric position and all excursions.
Case selection is critical for the use of very small diameter implants Fig. 11 . Two different brands (3-I and In-traLock) and diameters (4.1 and 2 mm, respectively) were used to appropriately fit into the edentulous site. Adequate bone volume at site #28 enabled placement of the standard sized implant. The narrow edentulous width at sites #29 -32 only accepted very small diameter implants. Fig. 12 . These implants support a splinted 5 unit fixed partial denture opposing natural dentition. Fig. 13 . A radiograph of the multiple small diameter implant with the splinted prosthesis in place. Fig. 15 . Radiographic bone loss, typical to 4.1 mm standard diameter implants, is evident on the far left implant, and slight radiographic bone loss is seen on the 3 mm diameter implant at the far right, but no apparent bone loss is evident on the 2 mm diameter implant in the middle.
supporting fixed partial dentures. A patient may be a candidate for these implants if there are milder jaw forces, sites with denser bone with adequate attached gingiva.
The laboratory should be made aware of the very small abutment and the specifics of the occlusal scheme. Laboratory die material may be made of polyurethane (PolyDie, Guilford, CT). This polymeric die material is injected into the impression and the thin coronae of the implants can be reproduced for the working cast. The resulting hard cast is then prepared for conventional crown and bridge techniques. A metal cervical collar and a half lingual coverage may be needed to support the porcelain of a porcelain fused-to-metal crown or fixed partial denture.
In very dense bone during placement, the implant may need to be turned in 1 rotation increments with a 1 minute rest between each. This is to allow the dense bone to recover or recoil from the advancing self-tapping implant to prevent bone overcompression or implant fracture. An incision may or may not be necessary. Adequate attached gingiva is appropriate for these implants.
Very small implants may be used in conjunction with standard diameter (3.75-4.1 mm) implants to support a fixed prosthesis where there is an area of thin bone next to or near an area that will accept a standard diameter implant.
The cost of very small diameter implants can about 20% to 50% less than standard diameter implants making treatment less expensive.
Placing very small diameter implants requires careful osseous, gingival, esthetic, and occlusal analysis but very small diameter implants can be considered for use in a very selective number of sites.
If during the osteotomy of a small diameter implant there is an unforeseen bone density or site inadequacy, the use of a slightly larger diameter implant that is able to attain better initial stability remains an option, given adequate space and density or bone manipulation techniques such as ridge expansion or splitting. Consequently, it may be better to have a bias to placement of smaller diameter than larger diameter implants. Larger diameter implants may be better suited in the esthetic zone to provide for the emergence profile of the crown. However, in anterior compromised sites, especially where there has been site length attenuation, smaller diameter implants may be appropriate when the occlusal forces can be minimized or eliminated.
When placing very small implants, it is the experience of this author that placement torque should not exceed 50 Ncm. Over compression of the bone may lead to osseous compression necrosis and the implant may fail to integrate. Additionally, higher torque forces may cause fracture of the implant shaft.
Although the forces of occlusion are less in the anterior jaws than in the posterior, chronically directed, off axial, forces may cause implant or component fatigue fracture or loss of integration of an implant. The prosthesis can be relieved in centric occlusion so as to avoid the chronic occlusal contact (cyclic loading) and reduce the occlusal force impact.
Teeth may intrude as much as 250 m whereas an osseointegrated implant may intrude as much as 7 m in bone. As the natural teeth functionally move into bone, the opposing teeth may directly contact the prosthesis and the discrepancy of movement may produce a loss of integration of the bone to implant contact and result in failure of the implant. There may be room for error in that the opposing teeth also intrude giving the prosthetic implant less of a firm force against it. If the teeth adjacent to the supporting implant intrude up to 250 m and then contact is made with the opposing teeth and they can intrude 250 m as well, then the sum of these intrusions may be as much as 500 m before a solid contact is made. Should fixed prostheses be constructed shy of occlusion by 0.5 mm? Probably not, but the exact amount of the relief, at this point in the technology, is an unanswered question. Additionally, very small diameter implants may be prone to metal fatigue fracture if the prosthesis is placed in an inappropriate occlusal scheme. There is no evidence-based implant specific concept of occlusion but metal fatigue may be an issue. 11, 12 Tarnow et al 13 determined that there is a 1.4 mm circumferential bone crest resorption about implants. This may mean that the appropriate implant site width is the diameter of the proposed implant plus the 1.4 mm circumferential bone resorption at each perspective. Thus, a 4.0 mm diameter implant would require: 4.0 mm ϩ 1.4 mm (facially) ϩ 1.4 mm (lingually) ϭ 6.8 mm bone width. Very small 2 mm diameter implants do not seem to demonstrate this phenomenon. Because of this information smaller diameter implants may be more appropriate for many compromised sites. 14 Patients who present with a complete maxillary denture with remaining only mandibular anterior teeth may benefit from this modality. These patients usually have thin atrophic posterior residual ridges that will not accept a standard diameter implant without osseous grafting. Because the forces generated by these complete denture patients is generally less than with natural dentition, very small diameter implants may very successfully support fixed posterior splinted partial dentures. This treatment may prevent these patients from developing combination syndrome, where there is supereruption of the remaining anterior teeth, fibrous replacement of the anterior maxilla and continued atrophy of the posterior edentulous ridges.
Knowledge of the available array of implant sizes is an asset for the implantologist. Sites accepting these small diameter implants in this case series were perceived to be of denser bone types I, II and III. There will be an increased per square millimeter force exerted on the supporting bone by the implants during function. So, multiple implants may be necessary to dissipate forces among the implants to minimize osseous stress.
Posterior prosthetic teeth were made in these cases with rounded cusps and narrow occlusal tables that present a small area for functional occlusal impact and to minimize offaxial forces. Zinc phosphate cement (Flecks) was used to lute all cases listed but resin modified glass ionomer or resin cement can also be used.
Because these implants are not used with conventional osteotomy drills but with very thin drills. If the thin ridge is split and expanded with a #15 scalpel the appropriate bone width for a proposed site may be the sum of postoperative peri-implant bone crest resorption of 1.4 mm at facial and lingual, or 2.8 mm. However, there may not be as much resorption as a standard sized implant and the osseous resorption of 1.4 mm seems to not apply to mini implants. This type of osseous crest resorption may not be prevalent with these implants possibly because of less impedance of the blood supply. So a very narrower ridge may successfully accommodate the mini implant.
Very small diameter implants may be used for single crowns where occlusal accommodations are made so that there are no occlusal contacts. Additionally, very small diameter implants may be used to support fixed partial dentures in multiples or in tandem with larger diameter implants. Occlusal schemes can be designed with contact only in centric and no excursive contacts.
Because the surgical placement of mini implants is much less traumatic as compared with standard sized implants they may be useful for medically compromised or elderly patients.
Complications and Caveats
There are caveats and complications that need to be considered when placing very small diameter implants. Overcompression of the bone can result in a failure to osseointegrate. However, it has been this author's experience that, with the use of a torque controlled handpiece, with less than 50 Ncm insertion torque, this problem has not been seen. Manual ratchet placement use, where the placement torque is unknown, may result in osseous overcompression and loss of the implant. Additionally, the use of excessive placement torque may fracture the narrow implant.
The osteotomy drill is very thin and may fracture during the osteotomy. Careful drill manipulation is a concern. If this occurs, multiple radiographic views, including computerized tomography, may be taken to exactly ascertain the drill fragment's position. Retrieval by osseous exploration is not a recommended course of action. Once the drill position is radiographically ascertained, the piece may then be retrieved.
Metal fatigue of the implant coronas may be a long-term result of an "under-engineered" or a high cusped fixed partial denture. That is, installation of too few implants may not resist chronic occlusal forces, cyclic loading, and cause fracture of the narrow implant coronal shaft. Additionally, placing high esthetic cusps may allow increased lateral or off-axial forces to be applied and thus fatigue the implant shaft.
CONCLUSIONS
In highly selected edentulous sites very small diameter, or mini, implants may be used to support fixed prostheses.
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